Intracerebral injection of amyloidogenic ␣-synuclein (␣S) has been shown to induce ␣S pathology in the CNS of nontransgenic mice and ␣S transgenic mice, albeit with varying efficiencies. In this study, using wild-type human ␣S transgenic mice (line M20), we demonstrate that intracerebral injection of recombinant amyloidogenic or soluble ␣S induces extensive ␣S intracellular inclusion pathology that is associated with robust gliosis. Near the injection site, a significant portion of ␣S inclusions are detected in neurons but also in astrocytes and microglia. Aberrant induction of expression of the intermediate filament protein peripherin, which is associated with CNS neuronal injury, was also observed predominantly near the site of injection. In addition, many pSer129 ␣S-induced inclusions colocalize with the low-molecular-mass neurofilament subunit (NFL) or peripherin staining. ␣S inclusion pathology was also induced in brain regions distal from the injection site, predominantly in neurons. Unexpectedly, we also find prominent p62-immunoreactive, ␣S-, NFL-, and peripherin-negative inclusions. These findings provide evidence that exogenous ␣S challenge induces ␣S pathology but also results in the following: (1) a broader disruption of proteostasis; (2) glial activation; and (3) a marker of a neuronal injury response. Such data suggest that induction of ␣S pathology after exogenous seeding may involve multiple interdependent mechanisms.
Introduction
␣-Synucleinopathies, such as Parkinson's disease (PD), are a spectrum of neurodegenerative disorders characterized by intracellular amyloidogenic ␣-synuclein (␣S) inclusions Cookson, 2005; Waxman and Giasson, 2009) . ␣S is normally a soluble presynaptic protein that aggregates in disease states Cookson, 2005; Waxman and Giasson, 2009) . The causal role of ␣S with neurodegenerative disease is directly supported by the identification of PD-linked genetic alterations in the ␣S gene (SNCA); these alterations can promote protein aggregation by altering the primary sequence of ␣S or increasing levels of its expression through duplication or triplication of the SNCA locus (Polymeropoulos et al., 1997; Farrer et al., 1999; Krüger et al., 2000; Singleton et al., 2003; Zarranz et al., 2004; Appel-Cresswell et al., 2013; Kiely et al., 2013; Lesage et al., 2013; Proukakis et al., 2013) .
Recent studies have been interpreted as supportive of a "prion-like" spread mechanism in which exogenous amyloidogenic ␣S serves as a conformational template to drive the conversion of soluble ␣S to a conformationally altered, aggregated form (Kordower et al., 2008; Li et al., , 2010 Volpicelli-Daley et al., 2011; Luk et al., 2012a,b; Polymenidou and Cleveland, 2012; Guo et al., 2013; Jucker and Walker, 2013; Sacino et al., 2013a Sacino et al., ,b, 2014 . In several studies examining the effects of brain injections of amyloidogenic ␣S into A53T ␣S transgenic (Tg) mice (line M83; Luk et al., 2012b) or nontransgenic (nTg) mice (Luk et al., 2012a; Masuda-Suzukake et al., 2013) , the spread of pathology was primarily tracked with an antibody against the ␣S pSer129 phosphoepitope. After the intrahippocampal injection of amyloidogenic ␣S into nTg mice or E46K human ␣S Tg mice (line M47), we observed limited ␣S pathology mostly confined to the site of injection (Sacino et al., 2014) . In comparison, we observed both local and distal induction of ␣S pathology in A53T human ␣S Tg mice (line M83), but a caveat of these mice is that they are intrinsically prone to form ␣S inclusion pathology throughout the neuroaxis (Giasson et al., 2002; Sacino et al., 2014) .
To further study the mechanism of inclusion pathology induced by intracerebral injection of ␣S, we used human ␣S Tg mice (line M20) that never intrinsically develop ␣S pathology (Giasson et al., 2002; Emmer et al., 2011) . We find that intrahippocampal injection of aggregated ␣S can induce the formation of ␣S inclusion pathology at the site of injection. It also induces the following: (1) significant gliosis; (2) inclusions comprising the low-molecular-mass neurofilament subunit (NFL) and p62; and (3) expression of the neuronal injury response marker peripherin, which also colocalizes with inclusions. We also observed inclusion pathology distal to the injection site, but this pathology included both ␣S aggregates and p62-positive/␣S-negative inclusions. Thus, in addition to conformational templating, neuroimmune activation, injury response, and altered proteostatic mechanisms may contribute to induction and spread of the ␣S proteinopathy.
Materials and Methods
Expression and purification of recombinant ␣S protein. The pRK172 cDNA construct expressing N-terminal truncated wild-type human ␣S (with a Met codon added before amino acid 21) or with a deletion of amino acid residues 71-82 in the middle hydrophobic region (⌬71-82) were described previously (Giasson et al., 1999; Giasson, 2010, 2011b) . ␣S proteins were expressed in Escherichia coli BL21 (DE3) and purified to homogeneity by size exclusion (Superdex 200 gel filtration) and ion exchanged (Mono Q) chromatographies as described previously (Giasson et al., 2001; Greenbaum et al., 2005) .
Fibril preparation of recombinant ␣S for mouse brain injection. Human 21-140 ␣S fibril (hfib) was assembled into filaments by incubation at 37°C at 5 mg/ml in sterile PBS (Invitrogen) with continuous shaking at 1050 rpm (Thermomixer R; Eppendorf). ␣S amyloid fibril assembly was monitored as described previously with K114 fluorometry (Crystal et al., 2003; Waxman et al., 2009) . ␣S fibrils were diluted to a concentration of 2 mg/ml in sterile PBS and treated at room temperature by mild water bath sonication for 2 h, which results in shorter fibrils (Luk et al., 2009; Waxman and Giasson, 2010; Sacino et al., 2014 ). These fibrils were tested for induction of intracellular amyloid inclusion formation as described previously Giasson, 2010, 2011a; Sacino et al., 2013b) .
Mice husbandry and stereotactic injections. All procedures were performed according to the National Institutes of Health Guide for the Care and Use of Experimental Animals and were approved by the University of Florida Institutional Animal Care. M20 Tg mice expressing human wildtype ␣S that do not develop any intrinsic phenotype or ␣S pathology and M83 Tg mice expressing human A53T ␣S were described previously (Giasson et al., 2002; Emmer et al., 2011) . For stereotactic intracerebral injections of exogenous ␣S, mice of either sex at 2 months of age were bilaterally stereotaxically injected with 2 l of 2 mg/ml hfib 21-140 ␣S or ⌬71-82 ␣S, or 2 l PBS in the hippocampus (coordinates from bregma: anteroposterior, Ϫ1.7 mm; lateral, Ϯ1.6 mm; dorsoventral, Ϫ2.0 mm). The inoculum was injected at a rate of 0.2 l/min (total volume of 2 l/hemisphere) with the needle in place for 15 min at each site. For all cohorts, n ϭ 4 mice (Table 1) .
Antibodies. pSer129, also known as clone 81A, is a mouse monoclonal antibody that reacts with ␣S phosphorylated at Ser129 (Waxman et al., 2008) . N52 is a phosphorylation-independent anti-heavy-molecularmass neurofilament subunit (NFH) antibody (Sigma-Aldrich), and NN18 is a phosphorylation-independent anti-middle-molecular-mass neurofilament subunit (NFM) antibody (Sigma-Aldrich). SMI31 and SMI34 (EMD Millipore) are phosphorylation-dependent anti-NFH antibodies. Rabbit polyclonal antibodies to peripherin and ␣-internexin and chicken and rabbit polyclonal antibodies for NFL were from EnCor Biotechnology. NR4 is a mouse monoclonal antibody specific for NFL (Sigma-Aldrich). Rabbit anti-NFL monoclonal antibody C28E10 was purchased from Cell Signaling Technology. Paired helical filament-1 (generously provided by Dr. Peter Davies, Albert Einstein University, New York, NY) is specific toward phosphorylation sites Ser396 and Ser404 in tau (Otvos et al., 1994) . AT100 (Thermo Fisher Scientific) is Figure 1 . Human ␣S expression in the hippocampus of M20 Tg mice. Immunocytochemical analysis showing the widespread expression of human ␣S throughout the hippocampus of M20 Tg mice using anti-human ␣S antibody Syn 211 (A) and the lack of staining in brain sections from an nTg mouse (B). C, Equal amount of total proteins from the cerebellum (CB), cortex (CX), and hippocampus (HC) of nTg and M20 Tg mice were loaded onto SDS polyacrylamide. Immunoblotting with antibody SNL-1, which reacts equally with mouse and human ␣S, demonstrating the overexpression of ␣S in the brain of M20 Tg mice relative to nTg mice. Immunoblotting with human ␣S antibody Syn211 showing the expression of human ␣S in all three of these brain regions in M20 Tg mice. Immunoblotting for actin is shown as a loading control. The relative mobility of molecular mass markers in kilodaltons are shown to the left of the blots. Scale bar, 150 m. For details of pathology spread, see Figure 3D . For details of pathology spread, see Figure 2A .
specific toward phosphorylation sites Ser212 and Thr214 in tau (Zheng-Fischhöfer et al., 1998) . SNL-4 and SNL-1 are rabbit polyclonal antibodies raised against synthetic peptides corresponding to amino acids 2-12 and 104 -119 of ␣S, respectively . SNL-1 reacts equally with murine and human ␣S . Syn506 and Syn505 are conformational anti-␣S mouse monoclonal antibodies that preferentially detect ␣S in pathological inclusions (Duda et al., 2002; Waxman et al., 2008) . HuA is a rabbit polyclonal antibody raised against full-length ␣S . Syn211 is a mouse monoclonal antibody specific for human ␣S . Syn214 is a mouse monoclonal antibody that specifically reacts with the C terminus of ␣S . Anti-p62 (SQSTM1; Proteintech), antiglial fibrillary acidic protein (GFAP; Promega), anti-ionized calcium-binding adaptor molecule 1 (IBA-1; Dako), and anti-TAR DNAbinding protein 43 (TDP-43; Proteintech) are rabbit polyclonal antibodies. Anti-TDP-43 rabbit polyclonal antibody was purchased from Proteintech. Rabbit anti-phospho-Ser409/ 410 TDP-43 antibody is from Cosmo Bio USA. Anti-actin (clone C4) is an affinity-purified monoclonal antibody that reacts with all vertebrate isoforms of actin (Millipore).
Immunoblotting analysis. The tissue from different brain regions of nTg or M20 Tg mice were lysed in 2% SDS and 50 mM Tris, pH 6.8, with sonication and heated to 100°C for 10 min. Protein concentrations were quantified using the bicinchoninic acid assay and bovine serum albumin as a standard (Pierce Biotechnology). Protein was resolved by SDS-PAGE on 13% polyacrylamide gels, followed by electrophoretic transfer onto nitrocellulose membranes. Membranes were blocked in Trisbuffered saline (TBS) with 5% dry milk and incubated with primary antibodies in TBS/5% dry milk overnight. After washes, membranes were incubated with a goat anti-mouse antibody conjugated to horseradish peroxidase (HRP) or a goat anti-rabbit antibody conjugated to HRP. Protein bands were detected using chemiluminescent reagent (PerkinElmer Life and Analytical Sciences) and a FluorChem E and M Imager (Proteinsimple).
Immunohistochemical analysis. Mice were killed by CO 2 overdose and perfused with PBS/heparin. The brain and spinal cord were then removed and fixed with 70% ethanol/150 mM NaCl for at least 48 h. As described previously, tissues were dehydrated at room temperature through a series of ethanol solutions, followed by xylene, and then were infiltrated with paraffin at 60°C (Duda et al., 2000) . The tissues were then embedded into paraffin blocks, which were cut into 7 m sections. Immunostaining of the sections was performed using previously described methods (Duda et al., 2000) using the avidin-biotin complex (ABC) system (Vectastain ABC Elite kit; Vector Laboratories), and immunocomplexes were visualized with the chromogen 3,3Ј-diaminobenzidine. Sections were counterstained with hematoxylin. All slides were scanned using an Aperio ScanScope CS (40ϫ magnification; Aperio Technologies), and images of representative areas of ␣S pathology were taken using the ImageScopeTM software (40ϫ magnification; Aperio Technologies).
Double-labeling immunofluorescence analysis of mouse brain tissue. Paraffin-embedded tissue sections were deparaffinized and hydrated through a series of graded ethanol solutions, followed by 0.1 M Tris, pH 7.6. The sections were blocked with 5% dry milk/0.1 M Tris, pH 7.6, and were incubated simultaneously with combinations of primary antibodies diluted in 5% dry milk/0.1 M Tris, pH 7.6. After extensive washing, sections were incubated with secondary antibodies conjugated to Alexa Fluor 594 or Alexa Fluor 488 (Invitrogen). Sections were postfixed with formalin, incubated with Sudan Black, and stained with 4Ј,6-diamidino-2-phenylindole (DAPI; Invitrogen). The sections were coverslipped with Fluoromount-G (Southern Biotechnology Associates) and visualized using an Olympus BX51 microscope mounted with a DP71 Olympus digital camera to capture images.
Results
To further investigate the induction of ␣S inclusion pathology using exogenous ␣S, we conducted intracerebral injection of soluble (⌬71-82) ␣S or fibrillar ␣S in M20 Tg mice that do not intrinsically develop ␣S pathology (Giasson et al., 2002; Emmer et al., 2011) . In these mice, expression of wild-type human ␣S is driven by the mouse prion protein promoter, and, as expected from this promoter (Borchelt et al., 1996), we observed relative equivalent expression throughout different regions of the brain, including the hippocampus (Fig. 1) . For these studies, we per- Figure 2 . Induction of pSer129/81A-stained inclusions in M20 Tg mice after intrahippocampal injection of 21-140 hfib ␣S. A, Schematic map showing rostrocaudal distribution of inclusions detected with pSer129/81A antibody in M20 Tg mice at 1, 2, and 4 months after injection. Similar density and distribution of inclusion pathology was seen bilaterally. Inclusions were mainly localized around the site of injection (hippocampus) at 1 month after injection. At 2 and 4 months after injection, more abundant inclusion formation was observed in the hippocampus, and it had progressed to the cortex, striatum, midbrain, and brainstem. B, Representative images of immunohistochemistry showing regions with pSer129/81A-immunoreactive inclusions at 4 months after injection. Perinuclear, intracellular aggregates and neuritic pathology extending into processes are shown in the motor cortex (MC), hippocampus (dentate gyrus; DG), caudate-putamen (CP), hypothalamus (HYP), superior colliculus (SC), and ventral pons (VP). Tissue sections were counterstained with hematoxylin. Scale bar: MC, 100 m; DG, CP, HYP, SC, and VP, 50 m.
formed bilateral injections with 21-140 hfib ␣S in the hippocampi. We used amino-truncated 21-140 ␣S, because fibrils comprising this protein can seed ␣S similarly to the full-length protein in cultured cells (Luk et al., 2009; Giasson, 2010, 2011a; Sacino et al., 2013b) , and it provides the ability to definitively assess aggregation of the endogenous ␣S by detection with N-terminal-specific ␣S antibodies. Using the pSer129/81A antibody, at 1 month after injection of hfib ␣S, we observed ␣S inclusion pathology predominantly at the site of injection in the hippocampus; however, at 2 and 4 months after injection, pSer129/81A-positive inclusion pathology increased in the hippocampus and had progressed in many brain areas. These inclusions were especially prominent in the entorhinal cortex area and sparsely distributed in other cortical areas, the striatal region, the midbrain region, and the brainstem (Fig. 2) . In comparison, at 1 and 2 months after injection of soluble ⌬71-82 ␣S protein, which has a deletion in the middle of the hydrophobic region of ␣S that lacks the ability to form or seed ␣S amyloid in vitro and in cultured cells (Giasson et al., 2001; Luk et al., 2009; Waxman et al., 2009; Sacino et al., 2013b) , we observed punctated staining at the injection site only with the pSer129/81A antibody. However, at 4 months after injection of soluble ⌬71-82 ␣S, mature ␣S inclusion pathology was induced and spread to the cortex, amygdala, thalamus, and hypothalamus (Fig. 3) .
Because we have shown that pSer129/81A immunoreactivity can be misleading in tracking ␣S pathology because it crossreacts with NFL phosphorylated at Ser473 (Sacino et al., 2014), we assessed the immunoreactivity of the induced aggregates with other ␣S antibodies. In the hippocampus, the vast majority of pSer129/81A-positive inclusions could be readily detected with multiple phosphorylation-independent ␣S antibodies, although some inclusions could also be detected with NFL antibodies (Figs. 4, 5 ). Quantitative analysis of pSer129/81A-positive inclusions at the injection site of M20 Tg mice revealed that 97 Ϯ 4 and 92 Ϯ 5% of these inclusions were also labeled with anti-␣S antibodies SNL-4 or HuA, respectively. Near the site of injection, 49 Ϯ 8% of the pSer129/81A-positive inclusions were labeled with NFL, whereas 23 Ϯ 5% colocalized with peripherin staining. However, in many cortical regions away from the injection site, a significant proportion of pSer129/81A-stained inclusions were not detected with many other ␣S pathology antibodies, including Syn505, Syn506, SNL-1, SNL-4, HuA, Syn211, and Syn214 (Figs. 5). Staining for NFL showed that only a small subset of these ␣S-negative pSer129 inclusions contain NFL (Fig. 5) ; therefore, they are likely comprised of another phosphoprotein(s) that can cross-react with the pSer129/81A antibody. These inclusions were not detected with antibodies to tau, TDP-43, NFM, or NFH.
To further investigate general induction of protein inclusion formation, we stained sections with antibodies to p62/ sequestosome, which is a robust general marker of protein aggregation (Kuusisto et al., 2003) . Near the site of injection, the vast majority of p62-stained inclusions were also reactive with both the pSer129/ 81A and Syn506 (anti-␣S antibody) antibodies, and many also stained positive for NFL (Fig. 6) ; however, in areas distal from the injection site, the composition of inclusion pathology was more complex. Many pSer129/81A-or Syn506-stained inclusions were colabeled with p62. However, a significant proportion of p62-labeled inclusions were not pSer129/81A reactive (Fig. 7A ), nor were they labeled with the anti-␣S antibody Syn506 (Fig.  7B) , indicating that some of these inclusions did not comprise ␣S. The majority of the distal p62-reactive inclusions also were not stained for NFL (Fig. 7C) (Fig. 8 A, E) . The aberrant expression of peripherin was not observed in M20 Tg Many anti-p62-reactive inclusions distal to the site of injection do not contain ␣S or NFL. Immunofluorescence analysis of cortical gray matter region away from the site of injection with anti-p62 (red; A-C) and pSer129/81A, Syn506, and anti-NFL antibodies (green; A-C, respectively) in an M20 Tg mouse 4 months after hippocampal injection of 21-140 hfib ␣S injection. Although some inclusions detected with anti-p62 antibody colocalized with either pSer129/81A or Syn506 staining, many of these inclusions do not colocalize with these ␣S markers, especially Syn506. There also was no colocalization with anti-NFL (white arrow indicates white matter tract). Cell nuclei were stained with DAPI. Scale bar: 100 m; insets, 25 m.
mice at 4 months after injection of ⌬71-82 ␣S (Fig. 8C) or away from the site of injection (in the entorhinal cortex) at 4 months after injection of 21-140 hfib ␣S (Fig. 8D) . Peripherin expression was not unique to the M20 Tg line because we also observed a similar pattern of expression in the M83 Tg mouse line expressing the human PD-linked A53T mutant (Giasson et al., 2002) at 2 months after intrahippocampal injection of 21-140 hfib ␣S in the presence of robust ␣S inclusion pathology (Fig. 8 B, F ; Sacino et al., 2014) . The induction of peripherin staining is intriguing because this neuronal intermediate filament protein is typically predominantly expressed in the peripheral nervous system, but its expression in the adult CNS can be induced by injury (Beaulieu et al., 2002) .
It has been shown previously by our group that M20 Tg mice injected neonatally with ␣S fibrils developed generalized massive astrogliosis and moderate microgliosis (Sacino et al., 2013a) ; therefore, we assessed for neuroinflammation in adult injected M20 Tg mice. Tissue sections from all M20 Tg mice injected intrahippocampally with 21-140 hfib ␣S were stained with GFAP (astrocyte marker) and IBA-1 (microglia marker). All M20 Tg mice analyzed at 4 months after injection developed both massive astrogliosis and microgliosis in the hippocampus at and near the injection site (Figs.  9 A, B, E, F, 10 A, D) . Furthermore, inclusions labeled with either pSer129/81A or Syn506 antibodies were frequently found within both of these glial cell types (Figs.  9C, D, G,H, 10 B, C, E, F ) . Quantitative analysis of pSer129/81A-positive inclusions near the injection site of M20 Tg mice revealed that 44 Ϯ 5 and 10 Ϯ 2% were found in GFAP-or IBA-1-labeled cells, respectively. To assess whether this finding was unique to M20 Tg mice, we performed a similar analysis using the tissue from M83 Tg mice that we described recently (Sacino et al., 2014) . Similar to the findings in M20 Tg mice, this challenge resulted in significant induction of gliosis, and a significant proportion of the induced ␣S inclusion pathology was found in the astrocytes and to a lesser extent in microglia (Fig. 11) . Furthermore, ␣S inclusion pathology in the entorhinal cortex at 4 months after injection of ⌬71-82 ␣S was found sparsely in both astrocyte and microglia cells (Fig. 12) .
Discussion
We show that the intrahippocampal injection of both soluble and aggregated ␣S in M20 Tg mice leads to the induction of pSer129/81A-reactive inclusion pathology that can progress from the site of injection. These findings are similar to those reported previously by our group after neonatal intracerebral injection of soluble and aggregated ␣S in M20 Tg mice (Sacino et al., 2013a). Most of these intracellular aggregates near the site of injection appear to be comprised of ␣S because they are robustly Immunohistochemistry with anti-peripherin shows the expression of cytoplasmic peripherin in both M20 Tg mice (A) and M83 Tg mice (B). Aberrant expression of peripherin was not observed in M20 Tg mice at 4 months after injection of ⌬71-82 ␣S (C) or away from the site of injection (in the entorhinal cortex) at 4 months after injection of 21-140 hfib ␣S (D). Immunofluorescence analysis of the hippocampus with anti-peripherin and anti-p62 or anti-pSer129/81A in M20 Tg mice 4 months after 21-140 hfib ␣S injection (E) or in M83 Tg mice 2 months after 21-140 hfib ␣S injection (F ) shows that some cells containing p62 inclusions or pSer129 inclusion pathology also express peripherin; however, some neurons demonstrating peripherin immunoreactivity did not have these inclusions. Cell nuclei were stained with DAPI. Scale bars: 250 m; insets, 62.5 m.
stained with other ␣S antibodies and these are abundantly present in both neurons and glia. A significant proportion of these inclusions were also reactive for p62, and neuronal inclusions also accumulated NFL.
The composition of the inclusion pathology formed distal to the injection site was heterogonous. A fraction of these inclusions are stained with antibodies to unmodified ␣S, but a significant proportion of the pSer129/81A-stained inclusions are negative with a battery of ␣S antibodies. Most of these ␣S-negative inclusions stain with an antibody to p62, but there are also pSer129/81A-positive inclusions that are p62 negative. In addition, p62-positive inclusions not labeled with pSer129/81A antibody and even more so with antibodies to unmodified ␣S can readily be observed. These findings are consistent with our recent findings that the antibody pSer129/ 81A is not completely specific for ␣S phosphorylated at Ser129 because it cross-reacts with NFL phosphorylated at Ser473 (Sacino et al., 2014) . However, at 4 months after hippocampal injection of amyloidogenic ␣S, most of the pSer129/81A-positive/␣S-negative inclusions distal from the injection site are also negative for NFL staining, suggesting the aggregation of an additional unknown protein(s) that can be detected with pSer129/81A antibody. The aggregation of this protein may also account for some of the additional p62-reactive inclusions that are not recognized by antibodies to ␣S or NFL.
Induction and spread of protein inclusion pathology is greatly accentuated in M20 Tg mice compared with nTg mice in which only local inclusion formation was observed using the same protein to induce intracerebral aggregation (Sacino et al., 2014) . Thus, the overexpression of ␣S in the M20 Tg mice appears to facilitate this process, but the mechanisms involved are likely complex and involve several aberrant processes Golde et al., 2013) . Because ␣S challenge induces multiple inclusion pathologies and gliosis, multiple mechanisms, including prion-like protein conformational templating, neuroimmune activation, injury response and/or general perturbation of proteostatis, or some combination of these could contribute to the phenotype observed.
Unlike previous studies that suggested spread of aggregation of ␣S along white matter neuroanatomical tracts by staining with pSer129/81A antibody (Luk et al., 2012a,b) , we observed only sparse authentic ␣S inclusion pathology (using antibodies to unmodified ␣S) in white matter tracts because most of the white matter track staining is attributable to crossreactivity to NFL phosphorylated at Ser473 (Sacino et al., 2014) . As a possible mechanism of inclusion pathology induction and spread, exogenous ␣S could lead to cellular toxicity, as has been reported in many studies ( . Hippocampal pSer129/81A immunoreactivity induced by 21-140 hfib ␣S 4 months after injection in M20 Tg mice are abundantly found within astrocytes and microglia. At 4 months after hippocampal injection of hfib ␣S, immunohistochemistry with anti-GFAP antibody (A) and anti-IBA1 antibody (E) shows robust astrogliosis and microgliosis, respectively. Immunofluorescence analysis of the hippocampus, at the site of injection, shows both astrocytes (B-D) and microglia (F-H ) accumulate abundant pSer129/81A-reactive inclusions. Colocalization of pSer129/81A staining (green; C, G) with the astrocyte marker GFAP (red; B) and the microglia marker IBA-1 (red; F ) shows that pSer129/81A-reactive inclusions can be found in both cell types. Cell nuclei were stained with DAPI. Scale bar: 250 m; insets, 62.5 m. strated by the massive astrogliosis and microgliosis at and near the injection site, with these immune cells containing ␣S inclusions even at 4 months after injection. These findings are consistent with cell culture studies that showed that both soluble and aggregated ␣S are potent activators of inflammation Klegeris et al., 2006 Klegeris et al., , 2008 Reynolds et al., 2008; Roodveldt et al., 2008; Su et al., 2008; Lee et al., 2009; Tansey and Goldberg, 2010; Alvarez-Erviti et al., 2011; Béraud et al., 2011; Codolo et al., 2013; Fellner et al., 2013; Kim et al., 2013) . A role for immune activation is also suggested by the growing evidence that exogenous amyloidogenic proteins, such as ␣S, especially when aggregated, act as dangerassociated molecular patterns to activate innate immunity (Rubartelli and Lotze, 2007; Golde et al., 2013) . Furthermore, extracellular, exogenous ␣S could lead to a positive-feedback process of cellular damage and inclusion formation, followed by more release of ␣S aggregates and spread of toxicity. However, we also cannot exclude the possibility that the spread of pathology is attributable to the simple diffusion of the initial injected ␣S fibrils, resulting in protein inclusion formation by direct seeding or indirectly because of general cellular toxicity.
Collectively, our findings that several types of protein aggregates are induced from the challenge to exogenous ␣S provide some evidence that impairment to the cellular protein homeostasis mechanism might also be involved in the progressive spread of inclusion pathology. Many lines of evidence suggest that impairment or imbalance of proteostasis contributes to the progression of neurodegenerative diseases (Morimoto and Cuervo, 2009; Kikis et al., 2010; Vekrellis et al., 2011). It is possible that exogenous ␣S seeds lead to formation of inclusion pathology by overwhelming normal mechanisms that maintain the proteostasis network, such that affected cells can no longer prevent the misfolding and clear misfolded proteins efficiently enough to prevent accumulation. These aggregates of misfolded protein produce an added burden on the proteostasis network by occupying various activities required to dissociate such aggregates and degrade the misfolded proteins, which also result in the aggregation of other proteins or "secondary proteinopathies." Recent findings indicate that specific proteins that are metastable in nature are more vulnerable as bystanders that can be readily induced to aggregate once the proteostasis network is perturbed (Xu et al., 2012) . Furthermore, the presence of misfolded proteins or aggregationprone protein can disturb the protein homeostasis system causing broad effects on the folding of cellular proteins promoting the misfolding or aggregation of metastable proteins (Gidalevitz et al., 2006; Morimoto and Cuervo, 2009; Kikis et al., 2010; Xu et al., 2012) . Future studies will try to address these issues by investigating whether the brain injection of other types of protein aggregates that may perturb protein homeostasis but without the ability to directly induce conformation templating of ␣S aggregation could also induce the spread of ␣S inclusion pathology in this model. In addition, direct or indirect failure of the proteasome and/or autophagy that can be inhibited by various forms of aggregated ␣S could contribute to the spread of ␣S pathology (Giasson and Cookson, 2005; Vekrellis et al., 2011; Ebrahimi-Fakhari et al., 2012 Manzoni and Lewis, 2013; Xilouri et al., 2013) . The notion that impaired proteostasis likely contributes to the spread of aggregate formation is consistent with the induction of inclusion pathology comprising ␣S, NFL, peripherin, and still other undetermined components. Further- Figure 11 . Hippocampal ␣S inclusions induced by 21-140 hfib ␣S 2 months after injection in M83 Tg mice are abundantly found within astrocytes. At 2 months after hippocampal injection of hfib ␣S, immunofluorescence analysis of the hippocampus, at the site of injection, shows both astrogliosis (A-C) and microgliosis (D-F ) with pSer129-reactive ␣S inclusions. Colocalization of pSer129 staining (green; B, E) with the astrocyte marker GFAP (red; A) and the microglia marker IBA-1 (red; D) shows that ␣S inclusions can be found in both cell types but predominantly in astrocytes. Cell nuclei were stained with DAPI. Scale bar: 250 m; insets, 62.5 m. more, a spread of disease involving a cycle of exogenous secretion/release of aggregated ␣S and toxicity could be a therapeutic target. However, the prion-like conformational template of ␣S to form inclusions may also play an important role in the induction and spread of ␣S inclusion formation. Importantly, all these mechanisms could be involved in the spread of pathological inclusions in human diseases and would be consistent with Braak staging of disease progression (Braak et al., 2006) . Future studies will be needed to directly investigate the contribution of various specific mechanisms in the spread of proteinopathy induced by exogenous challenge to ␣S.
